The liver plays a unique role in nutrient homeostasis. Its anatomical location makes it ideally suited to control the systemic supply of absorbed nutrients, and it is the primary organ that can both consume and produce substantial amounts of glucose. Moreover, it is the site of a substantial fraction (about 25 %) of the body's protein synthesis, and the liver and other organs of the splanchnic bed play an important role in sparing dietary N by storing ingested amino acids. This hepatic anabolism is under the control of hormonal and nutritional changes that occur during food intake. In particular, the route of nutrient delivery, i.e. oral (or intraportal) v. peripheral venous, appears to impact upon the disposition of the macronutrients and also to affect both hepatic and whole-body nutrient metabolism. Intraportal glucose delivery significantly enhances net hepatic glucose uptake, compared with glucose infusion via a peripheral vein. On the other hand, concomitant intraportal infusion of both glucose and gluconeogenic amino acids significantly decreases net hepatic glucose uptake, compared with infusion of the same mass of glucose by itself. Delivery of amino acids via the portal vein may enhance their hepatic uptake, however. Elevation of circulating lipids under postprandial conditions appears to impair both hepatic and whole-body glucose disposal. Thus, the liver's role in nutrient disposal and metabolism is highly responsive to the route of nutrient delivery, and this is an important consideration in planning nutrition support and optimising anabolism in vulnerable patients.
Introduction
After ingestion, nutrients released by the gastrointestinal tract are absorbed and then distributed to tissues for anabolic sequestration. During the postabsorptive phase, without external nutrient intake, they will be released in the bloodstream to maintain adequate supply of nutrients to tissues and organs for maintaining homeostasis. The liver plays a unique role in nutrient homeostasis both because of its anatomical location, which is ideally suited to control the systemic supply of absorbed nutrients, and because it is the primary organ that can both consume and produce substantial amounts of glucose in a net sense. It is also believed that the splanchnic bed plays an important role in sparing dietary N by storing ingested amino acids. This hepatic anabolism is under the control of hormonal and nutritional changes that occur during food intake. The present review will focus on the importance of the route of macronutrient delivery, i.e. parenteral, or enteral or intraportal, in nutrient metabolism.
Portally delivered glucose: the 'portal signal'
Work carried out in human subjects (DeFronzo et al. 1978 (DeFronzo et al. , 1983 Basu et al. 2000) and dogs (Shulman et al. 1978; Cherrington et al. 1979; Barrett et al. 1985; Adkins et al. 1987; Frizzell et al. 1988; McGuinness et al. 1990) demonstrates that neither hyperinsulinaemia nor hyperglycaemia can independently cause much net hepatic glucose uptake. Insulin levels in excess of 6000 pmol/l, when brought about under euglycaemic conditions, were associated with minimal (4 mmol/kg body weight per min) net splanchnic glucose uptake in human subjects (DeFronzo et al. 1978) and only a modest (10 mmol/kg body weight per min) net hepatic glucose uptake in the dog (Frizzell et al. 1988) . Likewise, increasing the plasma glucose level 2-fold by peripheral intravenous (IV) glucose infusion in the presence of fixed basal amounts of insulin and glucagon caused only slight (3·3 mmol/kg body weight per min) net splanchnic glucose uptake in human subjects (DeFronzo et al. 1983 ) and little net hepatic glucose uptake in the dog (Shulman et al. 1978; Adkins et al. 1987) .
Net hepatic glucose uptake remains modest even when hyperinsulinaemia and hyperglycaemia (resulting from glucose infusion into a peripheral vein) are combined. In men the combination of hyperglycaemia (9·7-12·5 mM) and hyperinsulinaemia (arterial levels of 240 -330 pmol/l) resulted in a net splanchnic glucose uptake of 5·6 -8·9 mmol/kg body weight per min (DeFronzo et al. 1978 (DeFronzo et al. , 1983 Basu et al. 2000) . Since glucose uptake by the gut accounted for approximately half of that amount, it is clear that little glucose was taken up by the liver, despite the presence of insulin and glucose levels at least as great as those seen after oral glucose consumption. In the dog, with arterial plasma glucose levels of 8·9 -16·1 mM and arterial insulin levels of 210 -2304 pmol/l, net hepatic glucose uptake ranged from 5·6 to 16·1 mmol/kg body weight per min (Cherrington et al. 1982; Ishida et al. 1983; Barrett et al. 1985; Adkins-Marshall et al. 1990 ) such that the magnitude of the response correlated with the load of glucose and insulin presented to the liver.
Assessment of glucose uptake by the liver after oral glucose consumption in human subjects is problematic because of the difficulty in obtaining hepatic and portal vein blood samples. It is now known that some of the assumptions (for example, the duration of absorption) in the early splanchnic balance studies of Felig et al. (1975 Felig et al. ( , 1978 were flawed, leading to overestimates of the role of the liver in oral glucose disposition. Studies based on more accurate assumptions have suggested that about one-quarter to one-third of an oral glucose load is extracted by the liver (Ferrannini et al. 1985; Kawamori et al. 1994) with the peak rate of net hepatic glucose uptake equaling 27·8 -44·4 mmol/ kg body weight per min. Using 13 C NMR, Cline et al. (1994) estimated the liver glycogen synthetic rate in man to be about 0·5 mmol/ml liver per min, a value consistent with the observed splanchnic glucose uptake rates noted earlier. In general, studies carried out with tracer methodology in human subjects have shown that up to 10 % of an oral glucose load is extracted by the liver on first pass, a finding consistent with the overall contribution of the liver to glucose storage (i.e. including the glucose extracted on subsequent passes) being about 25 -35 % (Pehling et al. 1984; Firth et al. 1986; Benn et al. 1989; Radziuk, 1989; Kelley et al. 1994; Mari et al. 1994) .
The dog has proven a very useful model in examination of the response of the liver to glucose because catheters can be placed in the hepatic and portal veins and the role of the liver can be directly assessed. A number of investigators have quantified the fate of orally delivered glucose in this species (Abumrad et al. 1982; Bergman et al. 1982; Ishida et al. 1983; Barrett et al. 1985 Barrett et al. , 1994 Moore et al. 1991) . These studies have collectively provided direct support for the conclusions drawn from studies done in human subjects. In the dog, over the absorptive period, the liver accounted for the uptake of 25-40 % of the administered glucose. Further, the peak rates of net hepatic glucose uptake were 16·6-40 mmol/kg body weight per min in the presence of elevated arterial insulin (240 -558 pmol/l) and glucose (7·8 -10·3 mM) concentrations, respectively. It is clear from these studies that, when the insulin level is increased 4-to 6-fold and the hepatic glucose load is increased to 2-fold basal by oral glucose consumption, net hepatic glucose uptake is approximately 30 mmol/kg body weight per min. There is thus no doubt that the liver takes up two to three times as much glucose following oral glucose ingestion as it does under similar hyperglycaemic and hyperinsulinaemic conditions in the presence of peripheral glucose infusion.
The ability of combined changes in insulin and glucose to cause greater hepatic glucose uptake when they are associated with oral glucose delivery led DeFronzo et al. (1978) to propose the existence of a gut factor, released in response to oral glucose intake, which could augment net hepatic glucose uptake. Since the proposition of this gut factor, a number of studies have cast doubt on its importance. Bergman et al. (1982) , Ishida et al. (1983) and Barrett et al. (1985) bypassed the gut and produced hyperglycaemia via an intraportal glucose infusion that mimicked the absorption profile of oral glucose. In their studies net hepatic glucose uptake was the same after intraportal and oral glucose entry (mean rates for portal v. oral delivery: 13·9 v. 12·8, 33·3 v. 30·0, and 31·6 v. 30·0 mmol/kg body weight per min, respectively). These data ruled out a gut factor and led to the hypothesis that the liver responds differently to portal than to peripheral delivery of glucose. Thus the 'gut factor' was, in fact, a 'portal factor'. The first well-controlled direct demonstration of a portal effect in vivo came from Adkins et al. (1987) using the conscious dog. In the presence of somatostatin (used to gain control of the endocrine pancreas) insulin and glucagon were fixed at basal values and hyperglycaemia (12·2 mM) was brought about by peripheral glucose infusion. Net hepatic glucose output fell to near zero, but the liver failed to exhibit net glucose uptake. With the same glucose load, but in the presence of portal glucose delivery, there was significant net hepatic glucose uptake (7·8 mmol/kg body weight per min) such that the liver took up 32 % of the intraportally delivered glucose load. Our laboratory subsequently established that portal glucose delivery was associated with significantly greater net hepatic glucose uptake in the presence of both eu-and hyperinsulinaemia and across a wide span of physiological hepatic glucose loads (Fig. 1) . Interestingly, whole-body glucose clearance did not change, suggesting not only that the liver became more efficient in its disposal of glucose but that the muscle became less efficient; later studies confirmed that glucose uptake by non-hepatic tissues declined in the presence of portal glucose delivery (Galassetti et al. , 1999 Hsieh et al. 1998 Hsieh et al. , 1999 . Further, using the limb balance technique in the conscious dog, it was shown that skeletal muscle was the site of this inhibition . Thus in response to portal glucose delivery the role of the liver in glucose clearance is increased, while the role of muscle is decreased. A signal generated by portal glucose delivery (the portal glucose signal), therefore, ensures that an oral glucose load is appropriately distributed between the skeletal muscle (35 -45 %), the liver (25 -35 %) and the other tissues of the body (30 %) (Cherrington, 1999) .
The nature of the signal that might modulate hepatic and skeletal muscle glucose uptake simultaneously is unclear as yet, but possible candidates are neural networks and/or humoral mediators (Lautt, 2004; Puschel, 2004) . Whatever the nature of the signal, the hypothalamus is likely to be involved in its integration. Afferent signals from the liver are conducted to the hypothalamus by the vagus nerve, with the afferent firing rate in the hepatic branch of the vagus being inversely proportional to the glucose concentration in the portal vein (Niijima, 1982) . Stimulation of ventromedial hypothalamic signalling, in turn, has been shown to enhance muscle glucose uptake, an effect that can be prevented with sympathetic blockade (Minokoshi et al. 1994) . In addition to receiving neural signals from the periphery, the hypothalamus is sensitive to circulating hormones and substrates, including insulin and glucose. In mice, intracerebroventricular infusion of insulin (with no increase in circulating insulin concentrations) significantly enhanced muscle glycogen synthesis and whole-body glucose turnover in the basal state (Perrin et al. 2004 ). On one hand, intracerebroventricular glucose infusion in the basal state did not alter muscle glycogen synthesis. However, intracerebroventricular glucose infusion during a hyperinsulinaemic-euglycaemic clamp markedly reduced the insulin-stimulated muscle glycogen synthesis without changing whole-body glucose turnover. Intracerebroventricular injections of insulin and the AMP-activated kinase activator 5-aminoimidazole-4-carboxamide-1-b-D-ribofuranoside were found to increase the phosphorylation state of AMP-activated protein kinase (AMPK) 40 -80 %, while glucose injection reduced phosphorylation of AMPK 50 %. When insulin and glucose were injected together, glucose completely inhibited the effect of insulin on AMPK phosphorylation. Insulin and glucose are known to enter the brain from the circulation. Evidence indicates that cerebral AMPK plays a role as an energy sensor; thus, by modulating the phosphorylation of AMPK, insulin and glucose may play a role in muscle glucose disposal (Perrin et al. 2004) .
Most studies of the portal signal have focused on the acute (i.e. postprandial) state, but evidence suggests that it also functions in the chronically adapted state. When dogs received either total parenteral nutrition (TPN) or TPN with a portion of the glucose infused enterally (TPN þ enteral glucose group; total energy delivery being the same between groups) for 5 d, net hepatic glucose uptake and arterial glucose and insulin concentrations did not differ in the TPN and TPN þ enteral glucose groups. Nevertheless, glucose uptake by the non-hepatic tissues was significantly reduced in the TPN þ enteral glucose v. TPN groups (Chen et al. 2005) .
The importance of the route of glucose delivery in man has been more difficult to evaluate because of an inability to catheterise the portal vein and the difficulty in controlling the insulin and glucagon levels reaching the liver. Early work by DeFronzo et al. (1978) showed that oral glucose ingestion augmented net splanchnic glucose uptake (a 6-fold increase). Nevertheless, the design of their study was such that the liver was exposed to a larger hepatic glucose load and higher insulin levels in the group receiving oral glucose. How much of the augmented hepatic response was attributable to those parameters rather than the portal glucose signal per se is not clear, but from what we now know (for example, Myers et al. 1991a,c) , it was probably less than half. Recent work by Vella et al. (2002) , in which a pancreatic clamp was used to fix the hormonal milieu during IV or intraduodenal (ID) glucose infusion, led to the conclusion that ID glucose increased hepatic glucose extraction by 50 to 100 %. This conclusion was reached despite a technical flaw (ID infusion of tracer glucose without cold glucose carrier in the IV group) which would have falsely elevated the apparent uptake of glucose by the liver in the IV group. These authors failed to detect a difference in hepatic glycogen deposition (measured using the glucuronide technique), but this is not surprising given the small rise in glucose they brought about, the size of the arterial -portal glucose gradient they used, and the fraction of extracted glucose that normally is deposited in glycogen. Fery et al. (2001) showed that the effects of IV and ID glucose on whole-body glucose kinetics in human subjects were not different. The fact that there was no difference in whole-body glucose kinetics is consistent with findings in the dog (Galassetti et al. , 1999 Hsieh et al. 1998 Hsieh et al. , 1999 . As net hepatic glucose uptake is enhanced during portal glucose delivery in the dog, skeletal muscle glucose uptake decreases in a reciprocal manner, leaving wholebody glucose disposal unchanged. Even though this portion of the human findings agree with those in the dog, however, the conclusions that can be drawn from the human study are limited (Fery et al. 2001) . The insulin and glucose levels were not controlled, and these parameters differed markedly between the two routes of delivery. Also, the study did not identify the primary site(s) (liver v. muscle) of glucose uptake. In a more recent study (Fery et al. 2004 ) the same investigators used tracer methods to compare the effects of IV and ID glucose infusion on first-pass splanchnic glucose uptake under euglycaemic conditions. They concluded that their data do not support the existence of the portal signal in man, but three points should be considered. First, the study was carried out under euglycaemic conditions, which minimise the role of the liver. Second, the glucagon levels were not controlled and were higher in the ID group, which would be expected to suppress hepatic glucose uptake (Holste et al. 1997) , and finally their estimate of first-pass Myers et al. 1991a,b; Pagliassotti et al. 1996; Galassetti et al. 1998; Hsieh et al. 1998 Hsieh et al. , 1999 Moore et al. 1998.) hepatic extraction in the ID group, which was calculated as the difference between the glucose infusion rate and rate of appearance of the infused glucose, was error prone. This is underscored by the data from their IV group (i.e. a group in which no first-pass extraction occurred), which showed a greater first-pass extraction than did their ID group (2·1 v. 1·7 mmol/kg body weight per min). Clearly the majority of evidence supports the concept that a portal signal is functional in man, but well-controlled studies definitively proving the concept are still lacking.
It has been recognised for a number of years that oral glucose ingestion results in an enhanced insulin response, in comparison with the response to the same glucose load given intravenously (Nauck et al. 1986 ). Portal glucose delivery apparently creates a similar incretin effect. When glucose was infused either peripherally or intraportally to clamp the arterial plasma glucose concentration at the same level of hyperglycaemia, plasma insulin concentrations were significantly enhanced by portal glucose delivery (Dunning et al. 2002) . The reflex increase in vagal pancreatic efferent firing that results from intraportal glucose delivery (Niijima, 1983 (Niijima, , 1984 probably helps to explain this phenomenon.
A role for the central nervous system in the response to portal glucose delivery is supported by the literature. In the late 1960s Russek (1963 Russek ( , 1981 proposed that afferent signals originating in the liver might play a part in appetite control. Schmitt (1973) subsequently identified lateral hypothalamic neurons which changed their firing rate upon the injection of glucose into the portal vein. Additionally, Niijima (1982 Niijima ( , 1985 reported the existence of afferent fibres in the hepatic branch of the vagus nerve which exhibited a discharge rate inversely related to the glucose concentration in the portal vein. Both Schmitt and Niijima noted that the changes in neural firing were specific to glucose and established the fact that the brain receives input regarding the portal glucose level. Work by a number of investigators (for example, Lautt, 1983; Shimazu, 1987; Stumpel & Jungermann, 1997) has clearly established the potential of sympathetic and parasympathetic signalling to regulate liver glucose metabolism. Interestingly, Shimazu (Shimazu, 1967 (Shimazu, , 1971 Shimazu & Fujimoto, 1971) reported that electrical stimulation of the vagus nerve activated glycogen synthase and enhanced incorporation of [ 14 C]glucose into liver glycogen in both intact and pancreatectomised rabbits. In vivo work provided further support by showing that atropine decreased net hepatic glucose uptake following oral glucose ingestion in dogs (Chap et al. 1985) , although hormone levels were not controlled, making it unclear whether the effect on the liver was direct or indirect. Moreover, Adkins-Marshall et al. (1992) demonstrated that the portal glucose signal cannot trigger increased glucose uptake in vivo in the chronically denervated liver. Intraportal infusion of acetylcholine, on the other hand, was able to augment net hepatic glucose uptake under hyperglycaemichyperinsulinaemic conditions in the absence of the portal glucose signal (Shiota et al. 2000) . In addition, Stumpel & Jungermann (1997) showed that atropine could block the effect of the portal glucose signal in the perfused rat liver. Unfortunately there are significant limits to conclusions that can be drawn from these studies. First, chronically denervated livers lack both sympathetic and parasympathetic input, as well as both afferent and efferent pathways, and the interval between surgery and experiment undoubtedly results in adaptive changes. Attempting to mimic parasympathetic activation by portal acetylcholine infusion stimulated net hepatic glucose uptake in the dog, but it also caused a marked increase in hepatic artery blood flow (Shiota et al. 2000) . This raises the possibility that the parasympathetic nervous system (or at least the classical neurotransmitter acetylcholine) is not the effector limb of the effects caused by portal glucose delivery. In another series of experiments, cooling the vagus nerves during portal glucose delivery had no impact on net hepatic glucose uptake despite the fact that the increase in heart rate confirmed that cooling had blocked vagal transmission (Cardin et al. 2004) . Therefore, despite this evidence, definitive data establishing a physiological role for the parasympathetic nerves in the regulation of liver glucose uptake in vivo are still lacking. On the other hand, selective sympathectomy of the liver in the dog enhanced net hepatic glucose uptake during peripheral glucose infusion about 70 % but did not stimulate net hepatic glucose uptake during portal glucose delivery (DiCostanzo et al. 2006) . This suggests that the basal sympathetic input to the liver is inhibitory to glucose uptake, and portal glucose delivery relieves the inhibition. Whether a stimulatory limb of the portal signal exists remains undetermined. Using 13 C NMR Shulman et al. (1987) demonstrated in the rat that the glycogen synthetic rate was 2·5 times greater following oral as opposed to IV glucose administration, even when glucose and insulin levels were equivalent. We showed that under hyperglycaemic conditions the portal glucose signal increased the percentage of glycogen synthase in the active form even in the absence of a concomitant rise in insulin. This activation was associated with a significant increase in glycogen deposition (Pagliassotti et al. 1996) . Whether the activation of glycogen synthase represents a direct effect of the portal signal or whether it occurred secondary to an increase in glucose-6-phosphate is unclear (Bollen et al. 1998 ). It appears that about two-thirds of the glucose taken up by the liver in response to the portal signal is stored as glycogen and one-third exits in the liver as lactate (Moore et al. 2004) . While the portal glucose signal increased glycogen deposition, it did not alter the percentage of net hepatic glucose uptake that was directed to glycogen. This suggests that it must affect either the movement of glucose into the hepatocyte and/or its phosphorylation once it is inside the cell. Glut2 transporters in the liver have been shown to be hormone and glucose sensitive, but the observed modifications occur slowly (Andersen et al. 1994; Weinstein et al. 1994; Bollen et al. 1998) , so an effect on glucose transport is unlikely to provide an explanation for the effect of the portal signal since the latter occurs very quickly (Pagliassotti et al. 1996) . Studies by Liu et al. (1993) , van Schaftingen (Detheux & van Schaftingen, 1994; van Schaftingen, 1994) and Agius (Agius & Peak, 1993; Agius, 1994) , on the other hand, support the possibility of rapid modification of glucokinase activity. It is now known that glucokinase is acutely regulated by binding to a regulatory protein which is sequestered in the nucleus. Glucokinase is dissociated from the regulatory protein by fructose-1-phosphate; thus the latter serves to activate the enzyme. This explains the ability of low levels of fructose to augment net hepatic glucose uptake . Glucose, and to a lesser extent insulin, have been shown to cause the translocation of glucokinase from the nucleus to the cytoplasm of the hepatocyte (Chu et al. 2004) . Given the similarity in the disposition of glucose taken up by the liver in response to fructose and the portal glucose signal, the question arises as to whether translocation of glucokinase represents the mechanism by which the latter augments net hepatic glucose uptake. Preliminary data indicate that this is likely to be the case (Cherrington, 1999) .
Towards a portal amino acid signal?
During the day, protein metabolism is modified by food intake. In adult human subjects, oral feeding is associated with an increase of whole-body protein synthesis and a decrease of proteolysis (Rennie et al. 1982; Pacy et al. 1994; Boirie et al. 1996; Volpi et al. 1996; Arnal et al. 2000) . Since the whole-body protein mass remains constant from day to day, the gain of protein during the postprandial period is cancelled by a loss of protein in the postabsorptive state. These changes in protein metabolism are mediated by feeding-induced increases in plasma concentrations of both nutrients and hormones.
Many studies suggest that amino acids and insulin play major roles in promoting postprandial protein anabolism. In human subjects, the effect of feeding on protein metabolism is correlated with the amount of protein intake: whole-body protein synthesis is further stimulated and protein degradation is further inhibited when the protein content of the diet is increased from 0·36 to 2·77 g/kg per d (Pacy et al. 1994) . On the other hand, feeding a protein-free diet does not stimulate protein synthesis despite a significant postprandial rise in plasma insulin (Volpi et al. 1996) . These observations showed the essential role of amino acids in the postprandial increase in whole-body protein anabolism in human subjects.
In rodent skeletal muscles, a rise in plasma insulin without dietary amino acid supply does not promote protein anabolism (Yoshizawa et al. 1998) , and provision of exogenous insulin to freely fed rodents does not increase protein synthesis beyond the effect of refeeding (Garlick et al. 1983; Svanberg et al. 1997 ). In fact, recent studies have shown that suppression of a postprandial increase in insulin greatly decreases protein synthesis in adult and old rat muscles, irrespective of the nutritional condition, suggesting that amino acids and insulin interact in promoting postprandial protein anabolism (Balage et al. 2001; Prod'homme et al. 2004) . Both insulin and amino acids have been shown to regulate the mammalian target of rapamycin pathway in muscle, thus regulating protein synthesis, and maximal activation is achieved only when both factors are appropriately altered (Bolster et al. 2004) . However, conversely to what is observed in adults, it seems that, in the neonate, the stimulation of muscle protein synthesis by insulin and amino acids is independent and thus stimulation by amino acids does not require insulin (Davis et al. 2002; O'Connor et al. 2003a,b) . These examples suggest that, as for whole-body protein metabolism, amino acids play a key role in the determination of the level of postprandial protein metabolism in skeletal muscle, and insulin plays a secondary role.
Although skeletal muscle is clearly an important protein synthetic site, organs of the splanchnic bed (liver and gut) account for 25 % of whole-body protein synthesis (Barle et al. 1997) . Of the protein synthesised in the liver, 40 % is secreted, with albumin alone accounting for almost half of it. Conversion of dietary amino acids to albumin is thought to provide a means of storing protein; indeed albumin can be broken down during periods of nutrient deprivation to provide essential amino acids for protein synthesis (De Feo & Lucidi, 2002) . Following a mixed meal, the liver is exposed to high levels of amino acids and insulin. In adult human subjects, increasing amino acid levels by IV infusion results in an increase in protein synthesis across the splanchnic bed (Nygren & Nair, 2003) . This effect is evident in the presence of basal insulin levels, suggesting that elevation of this hormone is not essential for an increase in splanchnic bed protein synthesis. Splanchnic metabolism includes both gut and hepatic metabolism, for which regulation pathways could be different. Indeed, studies conducted in mature animals with IV infusion of amino acids have shown that amino acids and insulin have no stimulatory effect on mixed liver protein synthesis (Mosoni et al. 1993; Ballmer et al. 1995; Ahlman et al. 2001) . Conversely, in the neonate, hepatic protein synthesis can be stimulated by raising amino acid levels (Yoshizawa et al. 1997) . These studies raise the questions of whether or not amino acids stimulate hepatic protein synthesis and, if so, whether this effect is age-dependent.
It has been previously observed that ageing is associated with a decline in the anabolic response of skeletal muscle to food intake and amino acids (Mosoni et al. 1995; Dardevet et al. 2000 Dardevet et al. , 2002 . Similarly, Davis et al. (2002) have observed a developmental decline in amino acid-induced stimulation of hepatic protein synthesis in the growing animal. From these studies, one might infer that there is a decreased sensitivity of the liver to amino acids during ageing. However, this inference is inconsistent with findings in adult human volunteers, in which dietary amino acids have been shown to increase hepatic export protein synthesis, i.e. albumin (De Feo et al. 1992; Hunter et al. 1995; Volpi et al. 1996; Cayol et al. 1997) . It is important to note that one difference between the animal and human studies cited is the route of administration of amino acids: peripherally v. orally, respectively. This difference led us to hypothesise that, in the mature organism, the route of delivery of amino acids is critical in the stimulation of hepatic protein synthesis. In support of this hypothesis, human studies have shown that albumin synthesis is stimulated with oral meal feeding whereas it is not responsive to IV nutrients (Ballmer et al. 1995; Hunter et al. 1995) . Moreover, it is now well established that splanchnic tissues extract, on first pass, a significant amount of dietary amino acids (Burrin & Davis, 2004) . Of enterally administered amino acids, 20 to 96 % are utilised by the splanchnic bed, showing the crucial role of the splanchnic tissues in the distribution and availability of dietary amino acids to peripheral tissues (Ferrannini et al. 1988; Biolo et al. 1992; Matthews et al. 1993; Burrin & Davis, 2004) . Dietary amino acids are the preferential source of substrate for small intestine and hepatic protein synthesis (Berthold et al. 1995; Cayol et al. 1996; Stoll et al. 1998) . Enhanced splanchnic extraction of amino acids has been suspected to be responsible for the defect in the postprandial stimulation of muscle protein synthesis during ageing (Boirie et al. 1997; Volpi et al. 1999) . Interestingly, recent studies conducted in piglets show that the dietary requirements for lysine, methionine, leucine, valine, isoleucine, and threonine (based on the indicator amino acid oxidation technique) are lower with TPN than with enteral nutrition (Bertolo et al. 1998; House et al. 1998; Elango et al. 2002; Shoveller et al. 2003; Burrin & Davis, 2004) . These data illustrate the increased demand for amino acids by the digestive tract, pancreas, and the liver in orally fed animals. Portal vein blood flow accounts for 75 % of the total hepatic blood flow, and, during the postprandial state, the amino acid concentrations are higher in portal vein blood than in hepatic artery blood (Moore et al. 1994) . The enhanced utilisation of orally delivered amino acids by the liver may thus be the result of increased amino acid availability when compared with the parenteral amino acid administration.
Another possibility is that the portal (or dietary) delivery of amino acids is able to initiate a signal to the liver that increases hepatic metabolism. The results of several studies (Moore et al. , 1999a conducted in our laboratory are consistent with an amino acid-initiated portal signal when delivered directly into the portal vein; this signal appears to be distinct from, but to interact with, the portal glucose signal.
Not only does the route of amino acid delivery appear to impact on amino acid utilisation in the splanchnic bed, but it also appears to affect glucose disposal. We undertook a series of studies to examine the role of amino acids and their route of delivery (peripheral vein v. portal vein infusions) on net hepatic glucose uptake in the conscious dog. In the presence of a fixed hormonal milieu (4 £ basal insulin; 1 £ basal glucagon) and a portal glucose infusion, we found ) that portal gluconeogenic amino acid infusion reduced net hepatic glucose uptake (Fig. 2) and net hepatic glycogen synthesis by 50 and 30 % respectively. This decrease could have originated from the hepatic amino acid load itself (i.e. competition between substrates for hepatic extraction) or it could be specific to the intraportal route of amino acid delivery by activation of a neural signal initiated by contact between hepatoportal sensors and the amino acids. To answer this question, we studied a group of dogs under identical conditions to our previous study except that the gluconeogenic amino acids were delivered peripherally at a rate that would maintain hepatic amino acid load equivalent to that evident in our previous study (Moore et al. 1999a) . Under these conditions, and in contrast to the portal delivery, peripheral delivery of the amino acids did not reduce net hepatic glucose uptake initiated by the portal glucose delivery. This observation is thus consistent with the hypothesis that intraportal delivery of amino acids generates a signal that competes with or modulates the signal that enhances net hepatic glucose uptake during portal glucose delivery. From these studies, it can be speculated that intraportal amino acid infusion not only modulates net hepatic glucose uptake but also modulates hepatic uptake and utilisation of the amino acids. To test this hypothesis, we initiated another protocol under the same conditions as described earlier (i.e. intraportal replacement of insulin at a 4-fold basal rate and glucagon at a basal rate, and hepatic glucose load 1·5-fold basal), except that glucose was infused peripherally to avoid any potential interaction of the amino acids with the glucose portal signal. Gluconeogenic amino acids were infused peripherally or intraportally; the infusion rates were adjusted to match the hepatic load of the amino acids between the two groups (Moore et al. 1999b) . The net hepatic uptake of glutamine (Fig. 3) and the net fractional extractions of glutamine and serine were significantly increased during the portal vein administration of amino acids. These observations are consistent with a portal amino acid signal independent of the portal glucose signal that is able to alter hepatic amino acid utilisation itself.
Our studies were limited to the gluconeogenic amino acids; and thus the next question was: could these observations be generalised for other amino acids? With the peripheral amino acid infusion, the net hepatic uptake of glucose and amino acids (in carbon equivalents) is very similar to the net hepatic glycogen deposition and lactate release. With the portal amino acid infusion, only 70 % of the carbon taken up by the liver could be accounted for by glycogen synthesis and lactate release. Thus, the fate of the remaining 30 % of carbon remains unknown. Nevertheless, it is very tempting to hypothesise that the portal amino acid signal also directed the amino acids into protein synthesis. Whether portal amino acids modulate the activity of the autonomic nervous system to increase hepatic protein synthesis is unknown. However, Niijima & Meguid (1994 have described hepato-portal sensors for fifteen Hyperinsulinaemic-hyperglycaemic clamp with portal glucose ± portal amino acids Uptake Fig. 2 . Net hepatic glucose balance under basal conditions and during a pancreatic clamp with infusion of somatostatin to suppress endocrine pancreatic secretion, intraportal infusion of insulin and glucagon at 4-fold basal and basal rates, respectively, and intraportal and peripheral infusion of glucose to elevate the hepatic glucose load 1·5-fold basal. One group received an intraportal infusion of a gluconeogenic amino acids mixture ( - † -), while the other received an intraportal saline infusion without amino acids ( -W -). Data are means, with standard errors represented by vertical bars. Differences between groups were significant (P , 0·05). (Reprinted with permission from Moore et al. 1998.) different amino acids that modulate the afferent firing rate of the hepatic branch of the vagus nerve. The involvement of neuronal input in controlling liver metabolism has already been shown with another nutrient, i.e. glucose (see pp. 161 -165). Niijima & Meguid (1995) delineated amino acids (AA) serving as stimulators (AA þ : alanine, arginine, histidine, leucine, lysine, serine, tryptophan, valine) and inhibitors (AA -: cysteine, glycine, isoleucine, methionine, phenylalanine, proline, threonine) of the vagal afferent discharge rate. Moreover, Watanabe et al. (1990) postulated that plasma protein synthesis is enhanced by vagal-nerve stimulation. Whether portal amino acids modulate the activity of the autonomic nervous system to increase hepatic protein synthesis is unknown and has to be further studied.
Impact of lipids on hepatic and whole-body glucose uptake and insulin sensitivity NEFA concentrations normally fall during the postprandial period, but concentrations in individuals with type 2 diabetes remain higher than in non-diabetic controls (Reaven et al. 1988; Reaven, 2005) . Net splanchnic glucose uptake following glucose or meal ingestion is reduced in individuals with type 2 diabetes, primarily because of an increase in splanchnic glucose output, relative to that in normal volunteers (Ludvik et al. 1997; Woerle et al. 2006) . There is abundant evidence that elevated circulating NEFA impair insulin-mediated suppression of endogenous glucose production (for example, Sindelar et al. 1997; Boden et al. 2002; Homko et al. 2003) , and thus the question arose as to the effect of elevated NEFA on postprandial hepatic glucose disposal. We carried out a group of studies in the conscious dog to examine the effect of maintaining NEFA at their basal concentrations under conditions mimicking those in the postprandial state (Moore et al. 2004) . Arterial plasma NEFA concentrations under basal conditions were about 900 mmol/l. After basal sampling, the dogs underwent a 4 h pancreatic clamp, with insulin and glucagon infused intraportally at basal rates, glucose infused intraportally to mimic postprandial absorption, and glucose infused via a peripheral vein as needed to stabilise the hepatic glucose load at 2-fold basal. Nicotinic acid (NA) was infused via a peripheral vein to suppress lipolysis. After the initial 2 h of the clamp period (period 1), the dogs were divided into three groups for an additional 2 h of study (period 2). During period 2, all infusions continued as during period 1. One group (NA group) continued exactly as in period 1; another group (NA þ lipid group) received a peripheral venous infusion of 20 % lipid emulsion to increase arterial NEFA concentrations to their basal level, and the third group (NA þ glycerol group) received a glycerol infusion to elevate circulating glycerol concentrations to the same levels observed in the NA þ lipid group. There were no significant differences in glucose metabolism between the NA and NA þ glycerol groups. However, the rate of net hepatic glucose uptake in the NA þ lipid group during period 2 was , 50 % of that in the other two groups (Fig. 4) . In the NA and NA þ glycerol groups, endogenous glucose rate of appearance was suppressed by about 85 -90 % by the end of study, while it was reduced only by about 33 % in the NA þ lipid group. Moreover, intrahepatic disposition of the glucose extracted by the liver was altered by the elevation of NEFA. Hepatic glucose oxidation in the NA þ lipid group was only 54 % of that in the NA group during period 2 (P , 0·05). Also, the suppression of NEFA appeared to direct glucose toward glycolysis; in the NA and NA þ glycerol groups, net hepatic lactate output was maintained throughout period 2, while the NA þ lipid group shifted to net hepatic uptake of lactate (Fig. 4) . As a consequence of these differences in glucose oxidation and glycolysis, similar amounts of carbon were retained within the livers in all three groups, and measured glycogen synthesis was not different among groups.
These findings in the acute 'postprandial' setting prompted us to examine the effect of chronic postprandial NEFA elevation, as seen in type 2 diabetes, on hepatic and peripheral insulin sensitivity. In this case, a lipid infusion was delivered intraportally in an effort to mimic the conditions in individuals with increased visceral adiposity. Visceral adipose tissue releases NEFA into the portal vein, and suppression of lipolysis in the visceral adipose is poorly responsive to insulin (Meek et al. 1999) . Visceral adiposity has been implicated in the development of inflammation and steatohepatitis (for a review, see Scheen & Luyckx, 2002) . In one investigation, omentectomy at the time of adjustable gastric banding was associated with improved insulin sensitivity 2 years later, compared with gastric banding alone (Thorne et al. 2002) . Therefore, for 15 d, dogs received infusions of a 20 % lipid emulsion or saline into the hepatic portal circulation for 3 h in the immediate postprandial period following their single daily meal (Everett et al. 2005) . On the sixteenth day, after an overnight fast, the dogs underwent a two-step hyperinsulinaemic -euglycaemic clamp. After an initial period of basal sampling, somatostatin (Reprinted with permission from Moore et al. 1999b.) was infused via a peripheral vein, glucagon was replaced at basal rates via portal infusion, and insulin was infused intraportally at 0·6 mU/kg per min for 120 min (period 1) and then at 2·0 mU/kg per min for another 120 min (period 2). Glucose was infused via a peripheral vein as needed to maintain euglycaemia (6·1 mM) throughout periods 1 and 2. Arterial plasma insulin concentrations were similar throughout all periods in the two groups (36 (SE 6), 66 (SE 6), and 300 (SE 36) pmol/l during the basal period and periods 1 and 2, respectively, in the saline-infused group and 48 (SE 18), 60 (SE 6), and 276 (SE 12) pmol/l in the lipid-infused group). Net hepatic glucose output was no different in the two groups during the basal period, but the saline group shifted to net hepatic glucose uptake in period 1, while the lipid-infused group still exhibited net hepatic glucose output ( Fig. 5 ; P , 0·05 between groups). Arterial plasma NEFA concentrations tended to be higher throughout all periods in the lipid-infused dogs, but this did not reach statistical significance (Fig. 5) . As evidenced by blood glycerol concentrations, lipolysis was significantly less suppressed at both steps of the insulin infusion in the dogs that had received the lipid infusions. Thus, the chronic postprandial NEFA elevation induced insulin resistance both at the liver and in the adipose tissue. The findings in the dog are in general agreement with those from individuals with type 2 diabetes and normal volunteers receiving a mixed meal (Woerle et al. 2006) . Neither the basal nor the postprandial NEFA concentrations differed between the two groups in that investigation. However, over the first 90 min of the postprandial period, NEFA declined significantly more slowly in the diabetic group. Tracerdetermined splanchnic glucose uptake did not differ between the groups, but endogenous glucose rate of appearance was suppressed significantly less in the diabetic group and therefore net splanchnic glucose uptake was impaired. As with NEFA, glycerol concentrations did not fall as rapidly in the postprandial period in the diabetic subjects, suggesting that lipolysis was not suppressed as rapidly.
Conclusion
The unique position of the liver gives it early exposure to absorbed nutrients, as well as to lipids released from visceral adipose. This allows the various substrates to modulate hepatic nutrient metabolism in a number of important ways. Hepatic glucose extraction is enhanced by enteral glucose delivery, which reduces the glucose that must be disposed of in the peripheral tissues and enhances hepatic glycogen synthesis. Similarly, amino acids reaching the liver via the portal vein appear to stimulate hepatic protein synthesis. Thus, although amino acid requirements may be lower during parenteral v. enteral nutrition, liver protein synthesis may not be stimulated as much during parenteral nutrition. Additionally, elevated lipid concentrations in the portal circulation may impair both hepatic and peripheral insulin sensitivity. Data clearly point to the route of delivery -portal v. peripheral -as being an important determinant of nutrient disposition in both hepatic and extra hepatic tissues. These findings have important implications for patients requiring nutrition support and those with increased nutrient needs. & Ferrannini E (1994) Glycogen turnover during refeeding in the postabsorptive dog: implications for the estimation of glycogen formation using tracer methods. 
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